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Abstract To investigate the effect of nonbreaking wave-induced mixing caused by surface wave stirring
on the upper ocean thermal structure (UOTS) and the typhoon intensity, a simple nonbreaking wave-
stirring-induced mixing parameterization (WMP) scheme is incorporated into a regional coupled
atmosphere-ocean model for the South China Sea (SCS), which couples the Princeton Ocean Model (POM)
to the Weather Research and Forecasting (WRF) model using the OASIS3 coupler. The results of simulating
two selected typhoon cases indicate that the nonbreaking wave-stirring-induced mixing has significant
impacts on UOTS and the typhoon intensity, and the incorporation of the simple WMP scheme in the
coupled model helps to improve the simulation of UOTS and thus the typhoon intensity. In the case that
the typhoon intensity is underestimated by the atmosphere model alone, the improvement of initial UOTS
by the ocean model with the WMP included can deepen the initial thermocline depth, reduce the effect of
SST cooling, and prevent the typhoon intensity from undesired weakening. In the case that the typhoon
intensity is overestimated (with strong winds), including the WMP in the ocean model significantly enhan-
ces the total vertical mixing rate in the upper ocean, which in turn enhances the SST cooling and thus
reduces the typhoon intensity as desired. The results obtained in this study make a contribution to the
ongoing efforts of improving the typhoon intensity forecast using a regional atmosphere-ocean coupled
model by worldwide researchers and forecasters, especially for the typhoons in the SCS regions.

1. Introduction

The South China Sea (SCS) is the largest marginal sea in the tropics with a maximum depth of more than
5000 m (Figure 1). It covers an area from the equator to 23°N and from 99°E to 121°E and connects to the
East China Sea to the northeast, the Pacific Ocean and the Sulu Sea to the east, and the Java Sea and the
Indian Ocean to the southwest. Climatic variations in the atmosphere and in the upper ocean of the SCS are
dominated by the East Asian monsoon system [Wyrtki, 1961; Wu and Wang 2002a, 2002b; Su, 2004]. It is an
area where tropical cyclones (TCs) occur frequently in the summer and fall, causing huge property damage
and life loss each year in the Philippines, Vietnam, and China [Wu and Kuo, 1999]. One example is typhoon
Haiyan (2013), which is the deadliest Philippine typhoon on record, killing at least 6201 people in that coun-
try alone [http://en.wikipedia.org/wiki/Typhoon_Haiyan]. Therefore, the prediction of the atmospheric and
oceanic environment in this region is attracting more attention from scientists around the world and also
from the local governments and people in the region. However, the lack of skill in TCs intensity forecasts
makes it difficult for the government to prepare for the arrival of TCs [Evans and Falvey, 2013]. This may be
due to deficiencies in the atmospheric models, such as insufficient grid resolution, inadequate surface and
boundary-layer formulations, and the lack of full coupling to a dynamic ocean model.

TC intensity is dominated by two factors: internal variability and environmental interactions. Many research
projects on the influence of environmental interactions on TC intensity have focused on the interactions
between TC and the atmospheric environment, including interactions with upper tropospheric troughs and
the influence of environmental wind shear [e.g., Emanuel et al., 2004; Hendricks et al., 2010]. Nevertheless,
another important aspect of environmental interactions is the coupling between the TC and the underlying
ocean [Ooyama, 1969]. Presently, researchers are beginning to recognize that the upper ocean thermal
structure (UOTS) and the ocean heat content contained between the sea surface and the depth of the 26°C
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Figure 1. Configuration of the domains for each component of the ReCAM_SCS and the ocean bathymetry (unit: m). DO1 and D02 repre-
sent the outer and inner domains of the atmosphere model, respectively, D02 also represent the domains of wave model, and the red
frame indicates the domain of the ocean model. Also indicated in the figure are the best tracks of Ketsana (2009) and Hagupit (2008), the
Argo positions A1-A12 and B1-B6 which are referred to in other figures.

isotherm (D26) may play an important role in TC intensity changes [e.g., Shay et al., 2000; Ginis, 2002]. There-
fore, the coupling between the atmosphere and the ocean is important to the simulation of TC intensity,
and a correct representation of the UOTS in the ocean model is a key to success of the simulation. In the
SCS, however, most ocean models usually underestimate the surface mixed-layer depth during the spring-
summer compared to observations, due to insufficient warming and vertical mixing [Martin, 1985; Cai and
Gan, 2000]. To reduce the model bias in simulating the UOTS, one common method is to employ a data
assimilation approach in the initialization of the ocean model. In practice, however, it is difficult to obtain
sufficient subsurface observations along TC tracks. Moreover, the data assimilation, in which the underlying
physical mechanisms are still unresolved, cannot actually improve the model physics by simply restoring
the model with the “poorly-tuned” mixing processes to the measurements. Therefore, the search for a bet-
ter representation of mixing processes in a coupled model for SCS is necessary and thus becomes a major
purpose of this study.

Surface wave stirring is increasingly regarded as an important mechanism of the vertical fluxes in the upper
layer ocean [Babanin, 2006]. Apart from the wave-breaking mixing which exists at depths comparable with
the wave height [Terray et al., 1996; Babanin et al., 2005], the nonbreaking wave-stirring-induced vertical
mixing caused by wave stirring can directly affect or influence the upper ocean mixing down to depths of
the order of 100 m [Babanin, 2006; Babanin and Haus, 2009]. The wave-stirring-induced mixing is supposed
to facilitate the upper ocean mixing, because it can transfer kinetic energy from surface waves to ocean cir-
culation through the processes of vertical wave motion and the wave-induced Reynolds stress. This has
been revealed in a number of laboratory experiments [e.g., Babanin and Haus, 2009; Dai et al., 2010], theo-
retical studies [e.g., Ardhuin and Jenkins, 2006; Huang and Qiao, 20101, and numerical investigations [e.g.,
Pleskachevsky et al., 2011; Qiao et al., 2004, 2008, 2010; Gayer et al., 2006, Babanin et al., 2009; Huang et al.,
2012]. Field observations of water temperature further highlight that wave-stirring-induced mixing is impor-
tant to the upper ocean during the passage of a TC [Toffoli et al., 2012]. Although the effect of the wave-
stirring-induced mixing is found to be small at low-latitude ocean (south of 25°N) due to relatively small
amplitude of the wind-generated waves [Qigo et al. 2008], it is significant in the SCS where the mixed-layer
depth (MLD) is relatively shallow during the warm season, especially under high wind conditions (like TCs).
It is thus worth investigating the impacts of wave-stirring-induced mixing on the UOTS of the SCS and the
TC intensity simulation. For this purpose, this study incorporates a simplified wave-stirring-induced mixing
parameterization (WMP) scheme in a regional atmosphere-ocean coupled model for the SCS (denoted as
ReCAM-SCS) and performs a set of sensitivity simulation tests for real typhoon cases.
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Figure 2. (a) The coupled atmosphere-ocean system and (b) the procedure of the ocean model initialization.

The next section gives a brief introduction of the developed regional air-sea coupled model ReCAM-SCS.
Section 3 describes the model initialization and, wind-wave-induced mixing parameterization, as well as the
simulation test design. Simulation results are presented and analyzed in section 4, followed by the conclu-
sions in section 5.

2. Model Description

A regional atmosphere-ocean coupled model for the SCS (hereafter denoted as ReCAM-SCS) has been
developed and is employed in the present study. ReCAM-SCS includes the following three components: an
atmosphere model, an ocean model, and a coupler (Figure 2a). The atmosphere model employed in the
ReCAM-SCS is the Weather Research and Forecasting (WRF) model with the Advanced Research WRF (ARW)
core [Skamarock et al., 2007]. Details about the WRF model are referred to the papers of Skamarock et al.
[2007] and Wang et al. [2007]. A two-domain configuration with “two-way” nesting is designed for the
atmospheric component of ReCAM-SCS, as shown in Figure 1. The outer domain (D01) of WRF model covers
the western Pacific Ocean, the entire SCS, and the eastern Indian Ocean, with a horizontal resolution of

45 km. The SST for D01 is prescribed from the daily real-time, global, sea surface temperature (RTG_SST)
analysis developed at the National Centers for Environmental Prediction/Marine Modeling and Analysis
Branch (NCEP/MMAB) (http://polar.ncep.noaa.gov/sst). The inner domain (D02) of WRF model, which cou-
ples with the ocean model, covers the entire SCS and southern China, with a horizontal resolution of 15 km.
Both domains have 30 layers in the vertical. The Ferrier microphysics scheme [Ferrier et al., 2002], Kain-
Fritsch cumulus scheme [Kain and Fritsch, 1990, 1993], Yonsei University planetary boundary layer (YSU PBL)
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scheme [Hong et al., 2006], and Dudhia short wave [Dudhia, 1989] and Rapid Radiative Transfer Model
(RRTM) long wave [Mlawer et al., 1997] radiation schemes are chosen for both domains.

The Princeton Ocean Model (POM) [Blumberg and Mellor, 19871 is adopted as the ocean component of ReCAM-
SCS. POM is a three dimensional, fully nonlinear, primitive equation ocean model. It includes the 2.5 order turbu-
lence closure scheme of Mellor and Yamada [1982] to calculate turbulence viscosity and diffusivity. The model
domain (Figure 1) is from —1°N to 32°N and 99°E to 135°E, with horizontal grids refined on the SCS spacing
averagely of 10 km, and 23 vertical sigma layers, 9 of which in the upper 200 m for a depth of 1000 m. A 1 arc
min global relief model of Earth’s topography and bathymetry (ETOPO1) [Marks and Smith, 2006] is used in the
model. At the nearshore, the model’s minimum depth is set to 10 m, based on a physical stability criterion of
the global stability of Wang [1996]: hyin +max > 0 Where hyi, is the minimum water depth, and (s, is the
maximum water elevation possibly caused by strong (gust) winds and storm surges along the coast. The exter-
nal and internal time steps are set to 6 s and 240 s, respectively. Data from the Simple Ocean Data Assimilation
(SODA) reanalysis [Carton et al,, 2000a, 2000b] are used for the open boundaries of the domain. The normal
advection of different variables at the open boundaries is governed by the radiation condition [Mellor, 2004].

The atmosphere model is coupled to the ocean model POM through a coupler OASIS3 (Ocean Atmosphere
Sea Ice Soil) developed by CERFACS (the European Centre for Research and Advanced Training in Scientific
Computation) [Valcke et al., 2000]. Through a bilinear interpolation operating in the coupler, the temporally
and spatially high resolution SST computed in the ocean model is transferred to the atmospheric module
(D02 of WRF), while the wind stress, heat, moisture, and radiation fluxes computed in the atmosphere
model are passed into the ocean model at a frequency of every 10 min (Figure 2a).

Recently, field and laboratory observations [e.g., Powell et al., 2003; Donelan et al., 2004; Emanuel, 2003; Black
et al., 2007] have shown that the drag coefficient (C,) approaches a steady value and even decreases with
increasing wind speed under high wind conditions (~33 m/s). Thus, we employ the formulas of Large and
Yeager [2009] to calculate the wind stress for the ocean model:

c {G1/|V+Gz+03V|+G4V|6 [v| <33 ms™! 0

0.00234 v >33ms "

where v=v, —V,, in which v, is the wind velocity at 10 m above the surface, and v, is the velocity of ocean
surface currents. The parameters are set following the suggestion of Large and Yeager [2009] as
a,=0.0027 ms ™', a,=0.000142, a;=0.0000764 (ms~") "', and a,=—3.14807x10""3 (ms ™) °.

3. Model Initialization, Wave-Induced Mixing Parameterization, and Simulation
Test Design

3.1. Model Initialization

For the atmosphere model, the output from the final (FNL) Operational Global Analysis data maintained by
the NCEP with horizontal resolution of 1° X 1° is used to provide initial conditions and lateral boundary
conditions for the outer domain. The FNL data are from the Global Data Assimilation System (GDAS), which
continuously collects observational data from the Global Telecommunications System (GTS), and other sour-
ces, for many analyses (http://rda.ucar.edu/datasets/ds083.2/).

For the ocean model, the initialization procedure includes three steps (Figure 2b). First, POM is integrated
from the “cold start” of the ocean. The initial temperature and salinity are from the World Ocean Atlas 2001
(WOAO01) for January [Boyer et al., 2002], and the climatological monthly mean wind stress and other mete-
orological forcing data, including net heat fluxes and short-wave radiation fluxes, are from the National Cen-
ter for Atmospheric Research (NCAR)/NCEP reanalysis [Kalnay et al., 1996]. After 10 model years spin-up, the
model reaches a quasiequilibrium state [Zhang and Qian, 1999]. The second procedure is to adjust the
upper ocean structure to a more realistic state before starting the TC simulation. In this procedure, POM is
integrated from the first of January of the year in which the TC occurred to 10 days before the date of the
TC simulation. As the gustiness of wind at synoptic time scales is essential for the wave-induced mixing
parameterization, the 6 hourly Cross-Calibrated Multi-Platform (CCMP) wind data with a spatial resolution of
0.25° are used in this study. The CCMP data set combines data derived from SSM/I, AMSRE, TRMM TM|,
Quikscat, and other missions using a variational analysis method (VAM) to produce a consistent
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climatological record of ocean surface vector winds at 25 km resolution (http://podaac.jpl.nasa.gov/PROD-
UCTS/p079.html). Other daily meteorological forcing data, including air temperature, humidity, and short-
wave radiation fluxes, are obtained from NCAR/NCEP reanalysis. The Optimally Interpolated Sea Surface
Temperature (OISST) is nudged into the surface layer of the ocean model. The OISST data are daily-
averaged with 9 km spatial resolution and are provided by the Remote Sensing System (RSS), which com-
bine different satellite data sets including TMI, AMSR-E, WindSAT, Terra MODIS, and Aqua MODIS (http://
www.ssmi.com/sst/microwave_oi _sst_browse. html). In the third procedure, the OISST data are used to
replace the modeled SST, and POM is integrated for 10 days to the starting time of the TC simulation for a
thermal/dynamical adjustment in the upper ocean.

3.2. Wave-Stirring-Induced Mixing Parameterization

As previously mentioned, the mixed-layer depth is usually underestimated by ocean models for the SCS. To
overcome this, we add the effect of wave-stirring-induced mixing in the calculation of the mixing coefficient
in POM using a simple WMP scheme. Following the previous studies of Hu et al. [2004] and Hu and Wang
[2010], we define a wind wave-stirring-induced mixing coefficient as

2v? oz _
K=o O VP, @

where f is the wave age (0 < ff < 1 for growing waves, and ff=1 for mature waves), J the wave steepness,
z < 0 m the water depth, v=0.4 the von Karman constant, and g=9.81 the acceleration of gravity. The
wave age f is defined as

where ¢, is the phase velocity, v=v,—v,, o, the peak frequency, and T, the peak period.

In this study, the peak wave period and the wave steepness are obtained from an off-line run of the Wave
Watch Il model [Tolman, 2009]. The domain of Wave Watch Il model is the same as region D02 of WRF, but
with a resolution of 0.1°. At the second and the third stage of the ocean initialization procedure, the wave
model is forced by the CCMP winds and the hourly outputs of the wave parameters (peak wave period and
wave steepness) are interpolated into the ocean grid; during the simulation of the TCs, the wave model is
forced by the 10 m winds from WRF run without WMP included and the obtained wave parameters are
input to the ocean model every 10 min.

The heat diffusion coefficient K, is calculated by Ky, =a - Ky, Where o is an empirical constant depending
on the Richardson number. In POM, o is defined as

(4)

34

where Sy and Sy are the stability functions, relating to the Richardson number [Mellor, 2004]. Thus, the total
mixing coefficients are

K=K+ Ko Ky =Kn+ K, (5)

where K, and K}, are calculated by the 2.5 order closure turbulence scheme of Mellor and Yamada [1982].

3.3. Simulation Test Design

Two typhoon cases, Ketsana (2009) and Hagupit (2008), are selected for the purpose of this study. Ketsana
(2009) represents the case where intensity is overestimated by the atmosphere model alone, while Hagupit
(2008) represents the case where intensity is underestimated. Typhoon Ketsana (2009) formed as a tropical
storm over the western Pacific at 0000 UTC 26 September 2009, and intensified to become a strong tropical
storm at 2100 UTC 26 September, and a typhoon at 0200 UTC 28 September with a minimum pressure of
960 h Pa and a maximum wind speed of 40 m s~ '. After crossing the Philippine Islands and entering the
SCS, Ketsana (2009) swept westward and made landfall on the east coast of Vietnam at 0700 UTC 29 Sep-
tember 2009 (Figure 1). Typhoon Hagupit (2008) formed on 14 September 2008 in the western Pacific and
moved westward toward the Philippines (Figure 1). It entered the SCS on 21 September 2008 and
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Table 1. Simulation Test Design

Tests IC With WMP Forecast With WMP
NON_WMP No No
INI_WMP Yes No
SIM_WMP No Yes
ALL_WMP Yes Yes
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Four simulation tests were designed for each TC
case, as shown in Table 1. NON_WMP refers to the
two-way coupled test in which the WRF is coupled
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Figure 3. The spatial distributions of daily-mean SST (unit: °C) on 28 September 2009 from (a) OISST, (b) NON_WMP, (c) INI_WMP, (d) SIM_WMP, (e) ALL_WMP, as well as (f) the along-
track SST (unit: °C) from observations (OISST), HYCOM reanalysism and different simulation tests for the typhoon Ketsana (2009) case. The best or simulated track is imposed on the spa-

tial distributions of daily-mean SST (Figures 3a-3e).
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Figure 4. The temporal evolution of (a) the area-averaged SST (unit: °C) and (b) the total heat flux (unit: W m ) in the 200 km-radius inner core region, (c) the minimum sea level pres-
sure (SLP, unit: h Pa), and (d) the maximum 10 m wind (unit: m s~ ') from all simulation tests and best track reanalysis data from Japan Meteorological Agency (JMA) for the typhoon Ket-

sana (2009) case.

to a “standard” three-dimensional ocean model POM in which the contribution of wave breaking is consid-
ered using the method of Mellor and Blumberg [2004]. To stand out the effect of including WMP in the
ocean model on the UOTS simulations, the contribution of Langmuir Circulations to the upper ocean mixing
is not included in this study. INl_WMP, SIM_WMP, and ALL_WMP are similar to NON_WMP, except that the
WMP scheme is included in the initialization of the ocean model (for INI_WMP) or the TC simulation (for
SIM_WMP) or both (for ALL_WMP).

For the Ketsana (2009) case, the simulation starts at 0600 UTC 26 September 2009. For the Hagupit (2008)
case, the starting time of the model simulation is at 1200 UTC 21 September 2008.

4, Results and Discussion

Previous studies have indicated that SST cooling induced by strong winds has a significant impact on TC
intensity, but little on TC tracks [Marks and Shay, 1998; Shay et al., 2000;]. Similarly, the results from different
simulation tests in this study indicate that incorporating the WMP in the coupled model has significant
impact on SST simulation which in turn affects the TC intensity simulation but has minor effect on the TC
track simulation (figure omitted). As discussed by Marks and Shay [1998], it is the large-scale processes that
determine the TC track forecasts, whereas the mesoscale processes associated with the local air-sea
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Table 2. Minimum SLP and Maximum 10 m Wind From JMA Best Track and Each Simulation Test

Min SLP (h Pa)/Max 10 m JMA Best
Typhoon Cases Wind (ms™") Track NON_WMP INI_WMP SIM_WMP ALL_WMP
Typhoon Ketsana (2009) Min SLP (h Pa) 956 948.6 938.0 9823 962.1
Averaged Min SLP error (h Pa) 797 15.04 12.58 4.51
Max 10 m wind (m s~ ") 36.04 419 46.01 26.92 37.97
Typhoon Hagupit (2008) Min SLP (h Pa) 935 964.1 960.7 979.8 969.6
Averaged Min SLP error (h Pa) 29.03 27.66 34.96 30.7
Max 10 m wind (m s~ ") 56.6 353 389 27.0 327

interaction mainly influence the TC intensity. The key factors determining the rate of SST decrease in
response to the strong TC wind forcing include (1) the initial upper ocean stratification or UOTS, (2) the TC
moving speed, and (3) the mixing rate in the upper ocean and the variation of UOTS due to the change of
the maximum surface winds. The incorporation of WMP in the ReCAM_SCS improves the SST simulation
and thus affects TC intensity simulation/forecasting mainly through affecting the initial UOTS and the mix-
ing rate in the upper ocean, which is discussed in detail in the following sections.

For the comparison of TC track and intensity, the Japan Meteorological Agency (JMA) best track reanalysis
data is used as the benchmark in this paper. The JMA best track data were carried out with further review of
Dvorak analysis considering the TC life stages overall and with all available data, including meteorological
data such as those from surface observations (SYNOP, SHIP, and BUQY), satellite products of geostationary
and polar-orbiting satellites (including scatterometer-derived wind data), and NWP (numerical weather pre-
diction) outputs (see details from http://www.jma.go.jp). For the temperature verification, the Argo data col-
lected during the TC passage and the daily reanalysis data from the 1/12° global HYbrid Coordinate Ocean
Model (HYCOM) were used to verify the effect of WMP on UOTS in the follow sections. The Argo profiles are
collected from the products in the USGODAE (US Global Ocean Data Assimilation Experiment, http://www.
usgodae.org) in the area of [105°E-130°E; 10°N-30°N]. The HYCOM reanalysis data, which were produced
by HYCOM nowcast with data assimilation at eddy-resolving resolution, have also been used as the initial
conditions for HWRF (Hurricane Weather Research and Forecast) system and proved to be helpful for the
TCs prediction [Kim et al., 2014].

4.1. Results of Ketsana (2009)

The observed and simulated daily-mean SST distributions on 28 September are shown in Figure 3. It can be
seen clearly that, while all simulation tests can reproduce the SST cooling along the TC track with a maxi-
mum near 113°E, the maximum magnitudes of the SST cooling from ALL_WMP/SIM_WMP are closer to the
observations (about 5°C), and those from NON_WMP/INI_WMP are much smaller. The large discrepancy of
SST cooling between NON_WMP and OISST implies that the surface and subsurface mixing rates are under-
estimated by the ocean model under the high wind condition, probably due to the lack or deficit of upper
ocean physical processes such as the nonbreaking wave-stirring-induced mixing in the model. Compared to
NON_WMP, the SST cooling along the TC track is intensified by both SIM_WMP and ALL_WMP, while it is
weakened by INI_WMP. It should be noted that though the simulated SST of ALL_WMP preforms the best
among all the tests, there are still some mismatches between modeled SST and OISST. The reasons for the
mismatches could be but not limited to (1) there are still errors in the simulated TC tracks and wind fields
(see Figures 3 and 4d) due to the deficiencies (such as the imperfect physical parameterization) in the
atmospheric models or insufficient model resolution and (2) the effect of Langmuir Circulation is not
included in our models. Figures 4a and 4b further display the temporal evolution of the SST and heat flux
within a 200 km-radius inner core of the typhoon. Compared to the control test (NON_WMP), the incorpora-
tion of the WMP only in the initialization (INI_WMP) significantly weakens the SST cooling and leads to an
increase of the heat flux, while the incorporation of the WMP only in the TC simulation (SIM_WMP) greatly
intensifies the cooling and leads to a great reduction of the heat flux. When the WMP is included in both ini-
tialization and simulation (ALL_WMP), the simulated SST cooling (heat flux) is greatly intensified (reduced)
compared to that from NON_WMP but slightly weakened (increased) compared to that from SIM_WMP,
probably due to a better initial state of the UOTS produced by including the WMP in the initialization. These
changes of SST cooling and heat flux due to the WMP incorporation should have impacts on the evolution
of the TC intensity. Figures 4c and 4d show the temporal evolution of minimum sea level pressure (SLP) and
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Figure 5. The height (unit: h Pa)-longitude cross sections for the anomalies of (top) the air temperature (unit: K) and (bottom) the water
vapor mixing ratio (unit: kg kg™") at 0600 UTC 28 September 2009 (48 h simulation) from (a, c) NON_WMP and (b, d) ALL_WMP for the
typhoon Ketsana (2009) case. The blue line denotes the TC location.

maximum 10 m wind speed from different simulation tests and the JMA best track reanalysis data. Com-
pared to the best track reanalysis data, the NON_WMP test overestimates the TC intensity (in terms of mini-
mum SLP) with a maximum discrepancy of 17.4 h Pa in minimum SLP (Figure 4c). This overestimated bias
becomes even larger in INI_WMP up to 27.2 h Pa. SIM_WMP, however, underestimates the intensity with a
maximum bias of 28.9 h Pa. These simulated intensity biases are mostly corrected in ALL_WMP, with the
simulated maximum intensity closest to the observed one. The averaged minimum SLP error reduces from
7.97 h Pa for the NON_WMP to 4.51 h Pa for the ALL_WMP, or an improvement of 43.4% by the ALL_WMP
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Figure 6. The depth-longitude cross sections along the best track (indicated in Figure 1) of the simulated initial sea temperature on 26 September from (a) NON_WMP/SIM_WMP, (b)
INI_WMP/ALL_WMP, and (c) HYCOM reanalysis for the typhoon Ketsana (2009) case (unit: °C, the black line indicates the 26°C isotherm).

(Table 2). As to the simulated maximum wind speed (MWS), the situation is somewhat different (Figure 4d).
The MWS from NON_WMP is overestimated with a mean of 41.9 m/s while that from ALL_WMP is closest to
the best track reanalysis with a mean of 37.97 m/s (Table 2). INI_WMP (SIM_WMP), however, greatly overes-
timates (underestimates) MWS. The net weakening of the TC intensity by the incorporation of the WMP in
both model initializations and runs can be seen in the water vapor mixing and air temperature in the low-
middle atmosphere (Figure 5). Compared to NON_WMP (Figures 5a and 5c), both the anomalous tempera-
ture and the water vapor mixing in the inner core of the typhoon are reduced in ALL_WMP (Figures 5b and
5d), which can be attributed to the intensified SST cooling and the reduced heat flux by including the WMP
in the coupled model (Figures 4a and 4b).

The above results indicate that the effect of including WMP in the initialization (INI_WMP) on the SST cool-

ing (thus on the TC intensity) is opposite to that in the TC simulation (SIM_WMP). The reason is that includ-
ing WMP in the initialization produces a well-mixed warmer upper ocean state with more heat content
which suppress the SST cooling, while including WMP in the TC simulation enhances the mixing rate in the
upper ocean which entrains more cold water into the surface mixed layer and thus intensifies the SST cool-
ing, as indicated in Figures 6-8. Large differences are found in the initial subsurface sea temperature and
heat content simulated by different simulation tests (Figure 6). Here we employ the depth of 26°C (D26) to
represent the mixed layer of the upper ocean. Compared with a D26 of about 60-80 m in the HYCOM rean-
alysis, the test without the WMP included in the initialization (NON_WMP/SIM_WMP) seriously underesti-
mates the initial MLD with a D26 <40 m. When including the WMP in the initialization (INI_WMP/
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Figure 7. (a) The root-mean-square errors (RMSE, unit: °C) and (b) the mean bias deviation (MBD, unit: %) of the modeled temperature profiles against the Argos observations at loca-
tions A1-A12 (indicated in Figure 1) on 26 September 2009 for the typhoon Ketsana (2009) case (the results shown are significant with 95% confidence level).
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NON_WMP, (Figures 8b and 8f) INI_WMP, (Figures 8c and 8g) SIM_WMP, and (Figures 8d and 8h) ALL_WMP for the typhoon Ketsana
(2009) case (the black line indicates the 26°C isotherm).
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ALL_WMP), however, the initial MLD is deepened with the D26 up to 60 m, which is closer to the HYCOM
reanalysis. The improvements of the UOTS by including WMP in the ocean model can be more clearly seen
in Figure 7, which shows the root-mean-square error (RMSE) and the mean bias deviation (MBD) of modeled
sea temperature against the Argo profiles at locations A1-A12 (indicated in Figure 1). The RMSE and MBD
are calculated as follows:

1 N
RMSE= NZ(X,—y,)Z, 6)
i=1
1\ WV -
N _Xi—Yi —
MBD:100w:100¥%, 7)
N2 =1 Yi Y

where x; and y;(i=1,2,3...N) are the modeled and observed samples of any variable such as sea tempera-
ture. N is the total sampling number, and the over bars denote the average of the samples. For the tests
without the WMP included in the initialization (NON_WMP/SIM_WMP), large RMSE and MBD are seen in the
upper 100 m of the ocean with their maximum values up to 2.8°C and —8% near 40 m beneath the surface,
respectively, indicating the initial subsurface temperature is greatly underestimated; when the WMP is
included in the initialization of the model (IN[_WMP/ALL_WMP), RMSE and MBD are reduced significantly in
the depth from 20 m to 100 m, suggesting that the UOTS at the initial time is well reproduced with higher
subsurface temperature and a deepened MLD. The thicker mixed layer contains more heat and suppresses
SST cooling in the TC simulation (i.e., a negative effect), as shown in Figure 8b. On the other hand, including
the WMP in the TC simulation (SIM_WMP/ALL_WMP) greatly enhances the upper ocean mixing (Figures 8g
and 8h) and thus raises more cool water from under the thermocline to the surface, leading to an enhanced
SST cooling (i.e., a positive effect). The reason why the mixing rate for ALL_WMP is stronger than that for
SIM_WMP is that ALL_WMP simulates stronger winds (as shown in Figure 4d) due to a warmer initial sea
surface produced by including the WMP in its initialization, and the nonbreaking wave-stirring-induced mix-
ing rate is proportional to the cube of wind speed (equation (2)). The SST cooling in ALL_WMP is a compro-
mise of the negative effect and the positive effect. In the case of TC where intensity is overestimated by the
atmosphere model alone, the simulated winds are generally stronger than or comparable to the
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Figure 10. The spatial distributions of daily-mean SST (unit: °C) on 23 September 2008 from (a) OISST, (b) NON_WMP, (c) INI_WMP, (d) SIM_WMP, (e) ALL_WMP, as well as (f) the along-
track SST (unit: °C) from observations (OISST), HYCOM reanalysis and different simulation tests for the typhoon Hagupit (2008) case. The best or simulated track is imposed on the spatial
distributions of daily-mean SST (Figures 10a-10e).

observations. Therefore, the intensified upper ocean mixing plays a dominating role (positive effect) in the
SST cooling over that of a deepened initial MLD by the WMP included in the initialization (negative effect).
The enhanced SST cooling in turn raises the SLP and reduces the surface wind speed and heat flux, leading
to a weakening of the TC intensity that is closer to the observations (Figures 4c and 4d). Therefore, for an
intensity-overestimated TC, including the effect of wave-induced mixing (here with a simplified WMP) in
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sea level pressure (SLP, unit: h Pa), and (d) the maximum 10 m wind (unit: m s~ ') from JMA and all simulation tests for the typhoon Hagupit (2008) case.

the coupled model for both the initialization and the simulation can reproduce well the UOTS and the
upper ocean mixing process, leading to a better simulation of the TC intensity.

The effect of the nonbreaking wave-stirring-induced mixing on the SST can be further seen in the scatter
plot of SST simulation biases versus wave age (or steepness) (Figure 9). As shown in Figure 9, the slope of a
linear fitting between the SST biases and wave age (or steepness) for ALL_WMP is significantly reduced
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Figure 12. The depth-longitude cross sections along the best track (indicated in Figure 1) of the simulated initial sea temperature on 21 September from (a) NON_WMP, (b) INI_WMP/
ALL_WMP, and (c) HYCOM reanalysis for the typhoon Hagupit (2008) case (unit: °C, the black line indicates the 26°C isotherm).
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compared to that for NON_WMP (with the correlation coefficients between SST biases and wave age/steep-
ness reducing from 0.42/0.59 to 0.02/0.12). These results indicate that the nonbreaking wave-stirring-
induced mixing indeed has significant impact on the SST and including WMP in the ocean model is able to
reduce the SST biases effectively.

4.2, Results of Hagupit (2008)

The above results indicate that the incorporation of the WMP in the coupled model can intensify the SST
cooling and thus weaken the TC intensity, which is desired for the intensity-overestimated TC. In the real-
time forecasts of TCs, however, the opposite situation may occur, i.e., a TC may be underestimated by an
atmosphere model alone. Therefore, we are most concerned about whether the TC intensity is further weak-
ened by the incorporation of the WMP when it is already underestimated by the atmosphere model alone,
which is undesired. We thus perform a set of simulation tests for the intensity-underestimated typhoon
Hagupit (2008) similar to that for the intensity-overestimated typhoon Ketsana (2009). The SST cooling
simulated by different tests on 23 September 2008 is shown in Figures 10 and 11a. Similar to that of Ketsana
(2009), INI_WMP (SIM_WMP) weakens (intensifies) the SST cooling along the TC track with an increase
(reduction) of heat flux from the ocean to the atmosphere (Figure 11b), leading to a slight intensification
(weakening) in the TC intensity compared to that from NON_WMP (Figures 11c and 11d). The strength of
SST cooling simulated by ALL_WMP is intermediate between INI_WMP and SIM_WMP, and the TC intensity
simulated by ALL_WMP is close to that by NON_WMP with a mean error increase of 1.04 h Pa (or 3.6% of
the mean error for NON_WMP) in minimum SLP and 2.6 m s~ ' in maximum 10 m winds (Table 2). This
means that the TC intensity is not significantly further weakened by the incorporation of the WMP in both
the initialization and the simulation for the underestimated case. Among all simulation tests, INI_WMP per-
forms the best whereas SIM_WMP performs the worst in the TC intensity simulation. Therefore, it is appa-
rent that INI_WMP/ALL_WMP benefits from the initialization with the WMP included that reproduces a
more realistic UOTS at the initial time, as indicated in Figures 12-14. Compared to the HYCOM reanalysis
data, the initial mixing layer simulated by the ocean model without WMP included is too thin, with an off-
shore D26 of ~40 m offshore, while that simulated by the one with WMP included is much closer to the
reanalysis data with an offshore D26 of ~70 m (Figure 12).

The deepened MLD by INI_WMP/ALL_WMP can be further verified by calculating the RMSE and MBD of the
vertical distribution of the sea temperature from different simulation tests against the Argo profiles at loca-
tions B1-B6 (Figure 13). The modeled sea temperature without the WMP included in the initialization
(NON_WMP/SIM_WMP) is largely underestimated between 40 and 150 m, resulting in a thin mixing layer.
When the WMP is included in the initialization of the ocean model, however, the mixing layer becomes
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Figure 15. Schematic diagram illustrating the effect of including nonbreaking wave-stirring-induced mixing parameterization (WMP) to
the ocean model on the upper ocean thermal structure and the TC intensity.

thicker and much closer to the observations in the upper 100 m. Therefore, the incorporation of WMP can
improve the initial UOTS significantly. The deepened mixing layer at the initial time results in more initial
heat content in the upper ocean, which helps to reduce the SST cooling in the TC simulation (i.e., a negative
effect on the SST cooling). The incorporation of the WMP in the TC simulation (SIM_WMP/ALL_WMP), on
the other hand, intensifies the SST cooling (i.e., a positive effect on the SST cooling) through the enhance-
ment of upper ocean mixing rate, as indicated in Figure 14. Similar to the overestimated case Ketsana
(2009), the SST cooling simulated by ALL_WMP is a compromise of the negative effect by including the
WMP in the initialization and the positive effect by including the WMP in the TC simulation. The difference
is that the two effects are comparable in ALL_WMP for the underestimated case (Figures 11a and 14),
instead of the latter dominating over the former for the overestimated case (Figures 4a and 8). This is
because the sea surface winds are seriously underestimated for the underestimated case (with a discrep-
ancy of about 213 ms~' for NON_WMP as shown in Table 2). Consequently, the enhancement of the ocean
mixing rate by including the WMP in the TC simulation is not sufficient to bring up the cold water under the
deepened thermocline formed by the initialization with the WMP included (Figure 14d). Therefore, for the
underestimated TC case (the simulated winds are weak), it is the improved initial state of the UOTS by
including the WMP in the initialization that prevents the typhoon from becoming much weaker.

5. Conclusions

In this study, the impacts of nonbreaking wave-stirring-induced mixing on the UOTS and TC intensity are
investigated by incorporating a simple WMP scheme into a regional coupled atmosphere-ocean model for
the South China Sea (SCS). The results of two selected typhoon cases indicate that including the WMP in
the coupled model for the SCS has significant impact on the UOTS which in turn influences the TC intensity.

In particular, it is found that adding WMP to the ocean model can improve the SST simulation in the SCS in
two ways (Figure 15): (1) improving the initial UOTS with a deepened MLD and (2) enhancing the total mix-
ing rate in the TC simulation. The compromise of the negative effect on the SST cooling by including the
WMP in the initialization and the positive effect by including the WMP in the TC simulation results in a bet-
ter SST simulation in the coupled model no matter if the wind fields are overestimated or underestimated
by the atmosphere model alone. When the simulated winds are weak (in the case that TC is underestimated
by the atmosphere model alone), the effect of the improved initial UOTS from the initialization with the
WMP is comparable to the mixing cooling effect and helps to prevent the TC from further weakening.
When the simulated winds are strong (in the case that TC is overestimated by the atmosphere model), the
enhancement of the vertical mixing rate by including the WMP dominates over the negative effect of the
initial UOTS with the WMP on SST cooling and thus strengthens the SST cooling, resulting in a better TC
intensity simulation with reduction of the averaged minimum SLP error compared to the tests without the
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WMP. The results indicate that the nonbreaking wave-stirring-induced mixing is an important process dur-
ing a TC passage in the SCS and including a WMP in a coupled model is recommended not only for the initi-
alization but also for forecasting of a TC in the SCS.

It should be noted that, although the improvement of SST simulation/prediction could make a contribution
to the ongoing efforts of improving the typhoon intensity forecast using a regional atmosphere-ocean
coupled model, a better SST simulation by including a WMP in a coupled model does not guarantee a bet-
ter TC intensity simulation due to the deficiency of physical parameterization or the insufficient resolution
of the atmosphere models. In addition, a limit in the present study is that the wave parameters used in the
wind-wave-induced mixing parameterization are obtained from the off-line run of a wave model. An
atmosphere-ocean-wave full coupled model is expected to further improve the simulation of the nonbreak-
ing wave-stirring-induced mixing process as well as the TC intensity in the SCS, which will be our future
work.
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